Chlorine-based inductively coupled plasma etching processes are investigated for the purpose of etching twodimensional photonic crystals in InP-based materials. Etch rates up to 3.7 m/min and selectivity's to the SiN mask up to 19 are reported. For the removal of indiumchloride etch products both the application of elevated temperatures and high ion energy's are investigated. The reactor pressure is an important parameter, as it determines the supply of reactive chlorine. It is shown, that N 2 passivates feature sidewalls during etching, improving the anisotropy. Ions that impact onto the sidewalls, either directly or after scattering with the SiN-mask or hole interior, cause sidewall etching. Highly directional ion bombardment and vertical sidewalls in the SiN-mask are therefore crucial for successful etching of fine high aspect ratio structures.
INTRODUCTION
Photonic crystals may be used for various functions in photonic integrated circuits. Integration of two-dimensional (2D) photonic crystals with these planar optical circuits can be done with available lithographic techniques. Conventional index guiding must account for vertical confinement in these 2D systems. The InP-material system is relevant for applications at the long-haul telecommunication free space wavelength of 1550 nm. For photonic crystals in the InPmaterial system, two intrinsic low-loss limits exist: on the one hand high refractive index contrast air-bridge type crystals and on the other hand low index contrast InP-InGaAsP buried waveguide type crystals 1 . Successful fabrication of optical devices in air-bridge type InP-based photonic crystals has been reported recently 2, 3 . However, these free standing ~250 nm thick membranes are not practical for use in photonic integrated circuits because of their mechanical fragility, poor thermal properties and modal mismatch with InP-InGaAsP ridge waveguides. Therefore, for photonic integrated circuits applications our focus is on hole-type 2D photonic crystals in low contrast InP-InGaAsP waveguides.
To obtain a sufficiently wide photonic band gap centered around 1550 nm, the crystal must have a lattice constant a of about 400 nm and the holes must have a diameter d of about 200 nm. Despite the index guiding for vertical confinement, intrinsic out-of-plane optical losses inevitably occur 1 . To prevent additional losses, the holes must be etched sufficiently deep to overlap with the optical mode of the planar waveguide structure 4 . An aspect ratio of about 10 is therefore required. Furthermore, the sidewalls of the holes must be vertical and smooth to prevent further scattering losses 5 . Conventional parallel plate Reactive Ion Etching (RIE) with CH 4 -based chemistry, which is a standard process for etching InP-based ridge waveguides, is not capable to meet these requirements as it produces barrel-shaped holes with insufficient aspect ratio 6 . Therefore, advanced deep etching techniques as Electron Cyclotron Resonance (ECR) etching 7 , Chemically Assisted Ion Beam Etching (CAIBE) 8 and Inductively Coupled Plasma (ICP) etching 9, 10 have been recently used for etching hole-type photonic crystals in InP-based materials. e-mail: r.v.d.heijden@tue.nl
In this paper, we report on an investigation of chlorine-based ICP-processes for the fabrication of high aspect ratio holetype 2D photonic crystals in InP. Different gas compositions were selected to compare etching with a reactive gas only (Cl 2 ), reactive gas with an independent and inert sputtering component (Cl 2 /Ar) and a reactive gas with a component capable of surface passivation (Cl 2 /N 2 ). The balance between supply of reactive species and removal rate of etch products is crucial in Cl 2 -based InP-etching 11 . Therefore, the influence of temperature, DC-bias and pressure was investigated and a good process window was determined.
EXPERIMENTAL
All experiments were performed on (100) n-type Sn-doped InP samples with a size of approximately 8x8 mm 2 . A SiNlayer was deposited onto the InP by Plasma Enhanced Chemical Vapor Deposition (PECVD). This SiN layer served as a mask to facilitate the final InP-etching step. A PMMA 950 K e-beam resist layer was deposited onto the SiN by spincasting. The photonic crystal pattern was defined in this layer by e-beam lithography in the approximate center of the sample. The pattern was then transferred to the SiN-layer with a fluorine based RIE-process. The remaining PMMA was removed with a low-bias oxygen-plasma. Prior to the final ICP-etching step, the (native) oxide layer was removed from the surface by wet chemical etching in a H 3 PO 4 :H 2 O = 1:10 solution. To characterize the etch result, the samples were cleaved through the etched structures and inspected by cross-sectional scanning electron micrsocopy (XSEM)
To evaluate the ICP-processes, patterns of stripes and triangular lattices of holes with different dimensions were fabricated in both 250 and 400 nm thick SiN-layers. In figure 1 , XSEM images after pattern transfer to the SiN-mask and PMMA-removal are shown for different structures in 400 nm thick SiN mask layers. Etch experiments were carried out in a load-locked Alcatel MET system and a load-locked Oxford Plasmalab 100 system. In both ICP-systems, samples were placed on a 4 in. carrier wafer, which was made either of stainless steel (MET) or silicon (Plasmalab). For the experiments at elevated temperature in the MET-reactor, the samples were glued to the wafer with heat conducting paste to ensure thermal contact between sample and wafer. A He backflow provided thermal contact between the wafer and the substrate holder. The temperature of the substrate holder was kept to a preset value by a combination of constant liquid nitrogen-(MET) or water (Plasmalab) cooling and regulated resistive heating. In the MET-system, the substrate temperature was measured with a Luxtron fluoroptic probe. This probe was placed in the He-backflow, less than 1 mm from the wafer. In the Plasmalab system, the temperature was measured by a thermocouple. It should be pointed out here, that the sample temperature was significantly higher than the measured substrate temperature due to heating from the ion bombardment during etching 12 . Throughout the experiments, the ICP source input power was 1000 W in both etching systems.
RESULTS
In this section the influence of the systematically varied ICP-parameters on hole profile and etch rate are presented and discussed.
Temperature dependence of Ar/Cl 2 -process
The temperature dependence of the InP etching is investigated in the MET reactor for a process with an Ar-flow of 75 sccm and a Cl 2 -flow of 25 sccm. The pressure in the reactor was 1 Pa and the DC-bias was set to -100 V. Figure 2 shows the temperature-dependence of the etch rate. From this Arrhenius plot, the activation energy is determined to be (0.52 0.05) eV. This value is consistent with a value found elsewhere 12 , for a regime where the vapor pressure of the indium chloride etch products is lower than the etch chamber pressure. The rate limiting step which causes the Arrhenius dependence of the InP etch rate is thus believed to be desorption of the indium chloride etch products. Etching at elevated temperatures or at high ion energy is necessary because of the relatively low volatility of these products 13 . The SiN etch rate is 0.13 m/min, almost independent of temperature. For a wide area, an InP:SiN selectivity of 12 is obtained for this process at 210 o C.
In figure 3 , XSEM images of the sidewall of 5 m wide stripes are shown after 2 minutes of etching at different substrate temperatures. From figure 3, a transition from positively to negatively sloped sidewall is apparent. A similar transition was observed previously as a function of Cl 2 content in the plasma 14 and was attributed to the balance between the physical and chemical etch component. At 190 o C, the etching is balanced and sidewalls are straight. The mask undercut occurring at 210 o C suggests that this temperature is too high for etching the fine high aspect ratio structures, unless lateral etching can be prevented by a passivation mechanism. The addition of N 2 reduces the lateral etching considerably, which is attributed to sidewall passivation. It is found elsewhere for (001) InP that under impact of ~100 eV N + -ions, mainly N-P bonds are formed 15 . It is speculated that formation of these N-P bonds competes with formation of In-Cl bonds and therefore inhibits etching. XPS measurements to investigate the N 2 -passivation mechanism are in progress. The etching with N 2 /Cl 2 -chemistry is anisotropic, but considerable sidewall bowing is observed, which is more pronounced for narrow features. The vertical large area etch rate is a factor of 2.5 lower compared to the Ar/Cl 2 -process, which is explained by reduced ion current density with a factor of 1.5, as measured with a Langmuir probe and passivation of the bottom surface. The InP:SiN selectivity for wide area etching is also reduced to 8.7. It is noted here, that the etch depth of the 0.2 m wide holes is a factor of 2.1 smaller than the large area etch depth. The striations on the sidewall as visible for the 1 m holes most likely originate from residual imperfections of the SiN-mask.
Addition of N 2

Dependence on N 2 /Cl 2 -ratio
The dependence on gas composition is investigated for N 2 /Cl 2 -chemistry in the MET reactor with a total gas flow of 100 sccm. Pressure, DC-bias and substrate temperature were kept the same as in the previous experiment. The etch depth for holes of different width after 2 minutes of etching is displayed as a function of Cl 2 -content in figure 5 . XSEM images of 0.65 m wide holes after 2 minutes of etching at the same conditions are shown in figure 6. The etch depth is proportional to the % Cl 2 in the gas flow, as shown in figure 5 . It is visible in figure 6 , that the lateral etch rate does not change significantly going from 10 % to 25 % Cl 2 , but increases dramatically going from 25 % to 50 % Cl 2 . The presumed competition between passivation (formation of N-P bonds) and etching (formation of In-Cl bonds) both on sidewall and bottom could explain this behaviour. In figure 5 it is visible, that the etch depth depends on the feature width. This lag-effect is well-known in plasma-etching 16 . The grass type roughness in the center image of figure 6, may be due to micromasking by passivated islands at the bottom The holes etched with 10 % and 25 % Cl 2 show similar sidewall bowing, which indicates that this profile is due to non-vertical impact of ions that depassivate the sidewall. At low chlorine content, physical sputtering appears to be an important etching mechanism, as indicated by the observed trenches at the side of the holes.
N 2 /Cl 2 -chemistry: influence of DC-bias
The influence of DC-bias is investigated for N 2 /Cl 2 -chemistry in the MET reactor with a N 2 -flow of 75 sccm and a Cl 2 -flow of 25 sccm. Pressure and substrate temperature were kept the same as in the previous experiment. figure 7 , it is concluded that the mechanism for sidewall etching depends on feature width. Besides direct non-vertical impact of ions on the sidewall because of the ion angular distribution, ions are also scattered from the SiN-mask or from the feature interior. These scattered ions only reach the opposite sidewall in narrow features and sidewall bowing is therefore more pronounced when the feature-width is small. The directionality of the ion-bombardment is expected to be enhanced at higher bias, which reduces the non-vertical impact of ions. This could explain the vertical sidewalls of the 1.1 m holes. Note the trenches at the bottom of the 0.2 m wide holes in comparison with the -100 V result. This again shows the significance of physical sputtering for the etching process.
Pure Cl 2 -chemistry at low temperature: influence of DC-bias
Experiments with pure Cl 2 -chemistry are performed in the Plasmalab 100 reactor with a Cl 2 -flow of 7 sccm. The pressure in the reactor was 0.5 Pa and the substrate temperature was 60 o C. Because of this relatively low temperature, a relatively high ion energy is used to ensure desorption of the indiumchloride etch products. Therefore the influence of DC-bias was investigated for this process. The wide area InP-etch rate as a function of DC-bias is shown in figure 8 . The etch result for 0.23 m wide holes is strongly dependent on DC-bias. At -230 V the holes exhibit straight sidewalls and a flat bottom. The wide top ('neck') was also observed in hole-etching experiments with CAIBE and was attributed to ions scattering from the SiN-mask or the hole interior 8 . Lower DC-bias yields conical shaped holes, while higher DCbias results in holes with a slightly sloped sidewall. The etch depth of the narrow holes increases with a factor of >2, going from -230 V to -270 V, while the wide area etch rate does not change significantly. Further experiments to clarify this behavior are in progress.
Influence of pressure
The influence of pressure is investigated for pure Cl 2 -chemistry in the Plasmalab reactor. The Cl 2 -flow and substrate temperature were kept the same as in the previous experiment. Here, the bias power was kept constant, which implied that the DC-bias increased with pressure. The wide area InP-etch rate is shown in figure 10 as a function of pressure. There is an optimum in etch rate in between 0.1 and 1 Pa. An optimum in etch rate as a function of pressure is expected for this process because there is a balance between removal of etch products and supply of reactive species 11 . At high pressure, an indiumchloride selvedge layer forms, which inhibits etching. At low pressure, the etching is limited by the supply of reactive chlorine. It is clear from figure 11 , that etching is inhibited at 1.3 Pa, even though the DC-bias is relatively high. The result for 0.09 Pa is most probably dominated by the relatively low bias voltage of -180 V (see caption figure 11 ) and needs further investigation.
CONCLUSIONS
Removal of non-volatile indiumchloride is a rate limiting factor for Cl 2 -based InP etching, so that elevated temperature, high ion energy, or a combination of these is necessary for etching InP-based photonic crystals with sufficiently high etch rate. Etch experiments are performed at elevated temperature with relatively low ion energy. It is shown, that the etch rate in an Ar/Cl 2 -process follows an Arrhenius dependence with an activation energy of (0.52 0.05) eV. For this process, a balance between physical and chemical etching results in vertical sidewalls at a substrate temperature of 190 o C. Etch experiments are also performed with relatively high ion energy at 60 o C. Vertical sidewalls are obtained for -230 V bias voltage, but the top of the holes was significantly widened. This widening is attributed to ions scattered from the SiN-mask. It is found, that addition of N 2 to the plasma yields vertical sidewalls, even at temperatures up to 220 o C. The lateral etch rate is inhibited by passivation of the sidewalls, most probably by formation of N-P bonds. However sidewall bowing is observed for this process, which is more pronounced for narrow features. The sidewall bowing is independent of Cl 2 -content below 25 % Cl 2 . This indicates that the curved profile is due to ions that impact onto the sidewall, either directly because of the ion angular distribution or after scattering from the SiN-mask or the hole interior. The bowing is more pronounced for narrow features, because the scattered ions can reach the opposite sidewall in these features. By increasing the DC-bias, which narrows the ion angular distribution, the sidewall bowing is eliminated for wide features, but not for narrow features. It is expected that more vertical sidewalls in the SiN-mask are necessary for anisotropic etching of fine high aspect ratio holes with the N 2 /Cl 2 -process. From an investigation of the influence of pressure for the low temperature pure Cl 2 -process, it followed that etching is inhibited above ~1 Pa. This occurs because the removal of the etch products is much slower than the supply of reactive Cl 2 . The difference in pressure could explain the lower etch rate at elevated temperature, compared to the experiments at 60 o C.
